Abstract Introduction: Immunogenicity of Schistosoma mansoni egg surface was examined to determine whether intact eggshells have lower antigenicity than ruptured eggs. Methods: Swiss Webster mice were inoculated with intact or ultrasonicated S. mansoni eggs isolated from infected human feces. Mice were separated into four groups of six animals each and immunizations were performed approximately every 20 days during a 60-day period. Groups 1-4 were administered with saline solution, sonicated eggs with Freund's adjuvant, sonicated eggs without Freund's adjuvant, and intact eggs, respectively. IgG humoral immune response was assessed by ELISA using Soluble Egg Antigen produced from eggs isolated from the livers of infected mice. Results: Sonicated eggs co-administered with adjuvant induced the highest humoral response at 58 days, which was 11.9-fold (95% CI 6.2-17.5) greater than the response induced by saline solution. Sonicated eggs without adjuvant induced a 4.3-fold stronger response (95% CI 2.4-6.2) than normal saline. Intact eggs induced humoral response that was nominally twice stronger (95% CI 0.8-3.2) than that induced by normal saline but the effect did not reach statistical significance. Conclusions: Soluble antigens are not abundant on the surface of S. mansoni eggs and/or are not secreted in sufficient quantities to induce a significant immune response to intact eggs. Assuming that isolation procedures had not damaged the eggs used for inoculation, our observations suggest that intact eggs either do not induce a significant immune response or, if they do, the mechanism involves insoluble antigens from the egg surface.
INTRODUCTION
Schistosomiasis is an endemic chronic infection that occurs in Africa, South America, Caribbean islands, and Eastern Mediterranean 1, 2 . It remains one of the most prevalent parasitic infections and has significant economic and public health consequences 3 . It is estimated that more than 250 million people in 78 countries are currently infected 4 .
The main causes of morbidity in chronic schistosomiasis are the parasite's eggs and immune responses that they evoke. Schistosoma mansoni worm pairs lay around 350 eggs per day. Experiments in mice have indicated that approximately onethird of the eggs successfully migrate to the gut lumen and are evacuated with feces 5 . The remaining eggs become trapped in host tissues and organs, especially the liver 6 . Liver-entrapped eggs mature and die, inducing a potent granulomatous immune response in the host 7, 8 . Once the parasites are eliminated, the granulomatous pathology, the extent of fibrosis, and immune cell infiltrates in the liver are greatly reduced 9 .
Elevated immunoglobulin E levels as well as blood and tissue eosinophilia are the hallmarks of the immune response to schistosomiasis 10 . Increased serum IgE levels have been demonstrated in humans and rats infected with Schistosoma 11, 12 . One key observation regarding the modulation of the host response to S. mansoni infection is the polarization of helper 1 (Th1) or helper 2 (Th2) responses of cluster of differentiation 4+ (CD4+) T lymphocytes. These responses are distinguished according to the pattern of cytokines produced by respective cells. Th1 lymphocytes secrete interferon-γ, interleukin-2 (IL-2), and tumor necrosis factor-β. These cytokines participate in the activation of macrophages and in delayed hypersensitivity reactions. In turn, Th2 lymphocytes produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13, supporting the humoral immune response by stimulating the proliferation of B lymphocytes, production of immunoglobulin E (IgE) and immunoglobulin G (IgG), and differentiation of eosinophils and mast cells [13] [14] [15] [16] .
Previous studies have demonstrated that humoral and cellular immune responses are the key processes determining the development of schistosomiasis pathology. Between 3 to 5 weeks post-infection, the immunological response triggered against worm antigens is characterized by an increase in Th1 cytokines 17, 18 . From 6 to 8 weeks, simultaneously with egg deposition, the Th1 response is replaced by the Th2 response against the egg antigens 16, [18] [19] [20] . Because different cytokines are secreted during Th1 and Th2 phases, the humoral response shows a characteristic pattern of antibody isotypes. The responses mediated by Th1 cells are associated with IgG2a, -IgG2b, and IgG3 antibodies, whereas the responses mediated by Th2 cells are associated with IgG1 and IgE isotypes. As has been demonstrated by Butterworth et al. 21 , during early infections of young children, the major antigenic stimulus is the egg. Antigens released from eggs, including polysaccharides, elicit IgM or IgG antibodies that fail to mediate cell-dependent damage and cross-react with carbohydrate epitopes on the surface of the schistosomula.
The idea for the present study came from the results of the experiments during the development of the diagnostic method Helmintex 22 . That method is based on the interaction of Schistosoma eggs with paramagnetic particles that bind to the parasite's egg surface 23, 24 , thus enabling them to be magnetically isolated from fecal sediments. Several attempts involving various doses of immunizing and adjuvant agents demonstrated that it was problematic to obtain consistently high levels of antibodies against the surface of the egg. The objectives of this work were therefore to assess the immunogenicity of the surface of S. mansoni eggs by comparing the levels of IgG antibodies produced in different groups of mice immunized with intact or ultrasonicated eggs and to monitor the production of antibodies against S. mansoni eggs.
METHODS

Maintenance of Schistosoma mansoni in laboratory conditions
This study was designed and conducted in the Laboratory of Parasite Biology and the Molecular Parasitology Laboratory at the Biomedical Research Institute of the Pontifical Catholic University of Rio Grande do Sul (PUCRS). Schistosoma mansoni cercariae used in this study were isolated from the snails (Biomphalaria sp.) collected in Esteio, a municipality in Rio Grande do Sul in the south of Brazil. Swiss Webster mice experimentally infected with the cercariae were perfused after 50 days for the collection of adult worms.
Acquisition of Schistosoma mansoni eggs
Eggs from S. mansoni were isolated from the livers of experimentally infected mice 25 for the production of the soluble egg antigen (SEA) and from a 300g sample of human stool obtained through collaboration with the Regional Management of the Control Program of Schistosomiasis in Minas Gerais, Brazil for the immunization of the mice used in this study.
Isolation of eggs from fecal matter
To isolate eggs from human stool, feces were dissolved in cooled saline (0.9% NaCl solution) with pH 6.2. The fecal matter was then filtered using a nylon sieve with a 500μm aperture into a conical sedimentation glass, with further serial washes until the supernatant was clean. The sediment was examined using optical microscopy and the eggs were separated and transferred one by one into VectaSpin Whatman microtubes (Sigma-Aldrich, St. Louis, MO, USA).
Soluble egg antigen production
SEA production was achieved according to the method described by Boros and Warren (1970) 26 , modified as follows: the eggs were suspended in ice-cold saline solution and sonicated by using 15 2 min cycles at 30% amplitude (Vibracell, Sonics & Materials, Newtown, CT, USA). Phosphate buffered saline (PBS, 10×, pH 7.4) was added to the material and centrifuged at 30,000 × g for 2h at 4°C. Protein concentration was measured using the Bradford method (Bio-Rad Laboratories, Hercules, CA, USA), and the material was kept at −20°C until use.
Preparation of egg loads
Isolated eggs were separated into individual microtubes as follows: 36 microtubes containing 500 eggs for immunizations at day 0 and day 20, and 18 microtubes containing 1,000 eggs for the immunizations at day 38. The eggs used to immunize the mice were centrifuged twice at 440 × g for 3 min each time in 0.25% sodium hypochlorite followed by three centrifugations at 440 × g for 3 min in saline. This procedure was necessary in order to prevent secondary bacterial infections and premature death of the immunized mice due to potential contaminants from feces.
Immunization schedule and experimental groups
A total of four groups each containing six mice were used for this study. Group 1 mice (control) received only saline throughout the study. Groups 2 and 3 mice were immunized with sonicated eggs. However, group 2 animals received both an emulsion of eggs and complete Freund's adjuvant (Gibco, Gaithersburg, MD, USA) during the first immunization, whereas during the remaining immunizations, they received incomplete Freund's adjuvant (Gibco, Gaithersburg, MD, USA). Finally, group 4 mice were immunized with intact eggs during the whole experiment. The eggs used in Groups 2 and 3 went through four cycles of 2 min sonication at an amplitude of 30% on ice. The inoculation schedule comprised a batch load of 500 eggs per mouse at days 0 and 20, and at day 38, each mouse received a load of 1,000 eggs injected subcutaneously at the back of the neck. Serum samples were obtained by peripheral venipuncture at 0, 20, 38, and 58 days (Figure 1) .
Enzyme-linked immunosorbent assay
For Enzyme-linked immunosorbent assay (ELISA) measurements, polystyrene plates containing 96 wells were used (Nunc F16 Polysorp, Sigma-Aldrich, St. Louis, MO, USA). Each measurement was repeated six times. The plates were sensitized with SEA diluted to 5µg/mL in carbonate-coating buffer with pH adjusted to 9.6. The plates were incubated for 2h at 24 o C followed by 24h overnight in the refrigerator, according to the standard procedure used in the laboratory. Each plate was washed three times with phosphate buffered saline (PBS) containing 0.05% Tween-20 at pH 7.2 (PBS-T) and blocked with 5% skimmed milk in PBS for 3h at room temperature to avoid cross-reactivity. The plates were washed three times with PBS-T. The primary antibodies were diluted 1:100 in 5% skimmed milk in PBS and added to each well in duplicate. After incubation for another 2h at 24 o C and repeated washes, the secondary horseradish peroxidase-conjugated goat anti-mouse IgG antibody (Invitrogen, Carlsbad, CA, USA) was added for 2h at 24 o C. Following another set of washes, o-phenylenediamine with 3% H 2 O 2 in 0.02M citric acid was used to develop the peroxidase reaction, and the plates were incubated for 15 min in the dark at 24 o C. The reaction was finalized by the addition of 0.2 N HCl. Optical density was measured with a microtiter plate spectrophotometer (Anthos, Zenyth 340 r, Salzburg, Austria) using a 450nm filter.
Statistical analysis
One-way analysis of variance (ANOVA) was used to assess the differences in mean humoral responses in serum samples from each group of mice 58 days after first immunization. Post hoc Tukey's multiple comparison test was then used to determine the significance of differences in mean humoral response between each pair of immunization treatments.
Ethical considerations
During this study, 24 Swiss Webster mice were used. The animals were kept in a cage system (Tecniplast S. p. A., Buguggiate, VA, Italy) with individual isolation, filtered air, and controlled temperature. Before the immunizations and during each blood collection, the animals were anesthetized with inhaled isoflurane. This work was approved by the Ethics Committee in Research of the PUCRS (Protocol 07/03599).
RESULTS
One-way ANOVA indicated that there were significant (P < 0.0001) differences between mean humoral responses in the serum samples of mice that underwent different types of immunization after 58 days. Sonicated eggs co-administered with adjuvant induced the highest humoral response at 58 days, as the response was 11.9-fold [95% confidence interval (95% CI) 6.2-17.5] greater than the response induced by normal saline (Figure 2) . Sonicated eggs without adjuvant induced a 4.3-fold stronger response (95% CI 2.4-6.2) than normal saline, whereas Data are presented as the mean ± standard deviation; ns: not significantly different from control saline group at 58 days; *** -significantly different from control saline group at 58 days with P < 0.001 (one-way analysis of variance followed by the post hoc Tukey's test).
intact eggs induced humoral response that was numerically twice greater than that to saline (95% CI 0.8-3.2), but the effect did not reach statistical significance (Figure 2) . Post hoc Tukey's multiple comparison test showed that there were significant (P < 0.001) differences in the effect on mean humoral responses at 58 days between all pairs of treatments, except between immunization with whole intact eggs and administration of saline (Figure 2) .
DISCUSSION
In the present study, we measured IgG humoral immune response to soluble egg antigen of S. mansoni and demonstrated that intact eggshells have lower antigenicity than eggs ruptured by sonication.
Available evidence suggests that egg passage through the tissues is dependent on host immune response both in rodents 27 and in humans 28 . It is believed that the migration through the tissues is facilitated by soluble secretions excreted by the eggs through the micropores present in egg shells 23, [29] [30] [31] [32] [33] . Schistosoma mansoni egg proteome has been characterized in many studies, because the pathogenic consequences of the interaction of egg molecules with host immune system as well as the processes that underlie egg passage through the tissues and subsequent release with the feces are still poorly understood. It is still not known where inside the egg or when during its development a particular protein is expressed 34 . It is believed that the mechanisms by which the eggs travel through the intestinal wall tissues include modulation of local immune responses favoring their migration towards the intestinal lumen. Furthermore, the intestinal mucosa is an environment with a certain degree of antigen tolerance 35, 36 , which likely adds to the reduced antigenicity of intact egg surface.
Nevertheless, the results of our current study are consistent with previous observations, in which eggshells were found to be less immunogenic 37 , whereas inner elements of the egg were demonstrated to have a high antigenic potential [38] [39] [40] . In 1986, Linden 37 concluded that direct immunological detection of the eggs is only possible when the eggs rupture and the antigens become exposed, because the eggs are wrapped by a poorly antigenic eggshell. Our study showed that 58 days after the initial immunization, a small and insignificant difference was found between the immune response of mice to whole eggs and their response to saline, whereas much larger and statistically significant differences were found between their immune responses to sonicated eggs and the response to saline. These results suggest that soluble antigens are not abundant on the surface of S. mansoni eggs and/or are not secreted in sufficient quantities to induce a significant immune response to intact eggs. This means that intact eggs either do not induce a significant immune response or, if they do, the mechanism involves insoluble antigens on egg surface. However, care should be taken in extending these results (obtained from the eggs found in feces) to the properties of eggs at an earlier stage of the cycle. There is a possibility that eggs found in feces may not produce antigens at the same rate as eggs at an earlier stage in the cycle.
One interesting mechanism of escaping from host reactions is the attachment of Schistosoma eggs to the vascular endothelium. It is known that Schistosoma eggshells bind platelets 41 , plasma proteins, von Willebrand factor, fibrinogen, and fibronectin
42
. Furthermore, File 43 demonstrated that the endothelium rapidly grows over the egg, entrapping it within tissues. Inside the host, the eggs move inside the vessels and cross venous walls and intestinal tissues. It is only when the eggs are entrapped and die, and not while they are moving and alive, that the immune system will recruit its cells, eventually resulting in granuloma formation 44 .
In conclusion, the difficulties of obtaining antibodies against intact egg shells observed previously in the development of the Helmintex method have been confirmed by our study, because significant immune response to S. mansoni eggs in mice was obtained only if the eggs were pretreated by sonication prior to inoculation. Our results provide insight into how the immunogenicity of schistosome eggs may change at different stages of the interaction with the host and during the passage through the tissues towards the external environment. Future investigations should explore other variables of humoral response, in particular the production of IgM and IgG antibodies, as well as examine alternative adjuvant schemes.
